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PERFORMANCE OF EXISTING BONE STAPLES FOR TREATMENT OF
FRACTURES
TARIQ MAHER SALAMEH

ABSTRACT
The utilization of implants for bone immobilization has given the surgeon ways of
internal fixation and stabilization during bone healing. Although old fixations tools such
as plates and screws are often the preferred choice for fracture fixation, there are many

surgical situations where those types of fixations are not appropriate due to the lack of bone
space to allow for multiple implants for needed stability, therefore resulting ideal
environments for the use of bone staples. Such staples will compress across a fracture site

to provide stabilization and immobilization of fractures for of small bones, such as in the
foot, ankle and the backbone. In the past, performance assessment of these fixation devices

relied on experimental testing. Considering that there are several types of bones staples
presently available on the market, using such traditional means of evaluation can become

tedious, if not expensive. Finite Element Method (FEM) provides a viable approach to
address this concern. The objective of this study was to evaluate the performance of
NiTinol shape memory alloy staple and Titanium staple by using FEM to monitor the

contact forces applied by these staples across a simulated fracture site. More importantly,
the work focused on assessing the long-term performance of these biomedical devices. The

results of this study indicated that the model-predicted contact forces were close to

experimental measurements in the literature. In particular, the NiTinol staple was found to
generate higher and dynamic compression forces due to its rate-dependent inverse

relaxation property. The increasing contact force over a waiting period signifies an

accelerated healing process for small fractures and osteotomies using NiTinol bone staples.

v

This interesting finding in the study presents the need for further research involving novel
fracture fixation devices that permit minimally invasive surgical procedures.
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CHAPTER I

INTRODUCTION

1.1

Statement of the Problem
There are a variety of medical devices that are accepted for fixation in orthopaedic

surgeries. The selection of a device and methodology depends on the severity of a bone

fracture as well as the patient’s medical history. In general, the procedure requires the

provision of adequate compression forces in order to bring and maintain the fractured parts
together during the whole period of healing.

Bone staples, which are one type of medical implants, can be used as a method of
fixation. There are different geometries and materials which can be implemented to

manufacture these staples. Several studies have been done to assess the various
performance characteristics of bone fixation devices. However, studies dealing with long

term comparative assessment of these fixation devices, especially from modeling aspect
are quite rare [1]. NiTinol and Titanium are greatly used to manufacture these staples due

to their high biofunctionality and biocompatibility. Also, NiTinol provides certain
advantages over titanium given its superelastic (SE) and shape memory effect (SME)

properties which can be implemented in manufacturing these bone staples [2]. NiTinol
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bone staples using the SME or SE, have been observed to produce higher contact forces

over titanium once released. It is also expected that due to its inverse relaxation (time
dependent) phenomena [3], SME staples might provide dynamic compression forces that

can help with the healing of bones over time.

1.2

Purpose of the Study
The purpose of this study was to evaluate the immediate and long-term characteristics

of two different bone staples. Specifically, titanium and NiTinol staples with different
geometries were selected for the study. The basis for performance evaluation was the

magnitude and the rate of change of the contact forces produced at the fractured bone

surface by the two different bone staples over 600 seconds.

1.3

Study Approach
The Abaqus Finite Element program was used to simulate typical surgical procedures

involved in the use of biomedical bone staples. To put the performance of the SME staple

in the proper perspective, a titanium staple was also simulated. Thus, the methods of
fracture fixation were evaluated by considering their ability to reduce the interfragmentary
movement to achieve good and acceptable healing results.

2

CHAPTER II

BACKGROUND

Orthopedic implants can be defined as medical devices used to replace or provide

fixation of bone; or to replace articulating surfaces of a joint. In other words, orthopedic
implants are used to either assist or replace damaged or broken bones and joints.

Orthopedic implants are mainly made from stainless steel and titanium alloys for strength

to act as artificial cartilage to reduce the stress at the articulating surfaces. Some examples

of orthopaedics implants are: orthopaedic plates, orthopaedic nails, orthopaedic screws,
and bone staples. The key factors that guide bone healing are the interfragmentary
movement and the compressive force, which determine the tissue strain and as a result the

cellular reaction in the fracture healing zone.

2.1

Orthopaedics
Orthopaedics is the branch of medicine that is concerned with the correction of

deformities of bones and muscles. Diagnosis in orthopaedics, as in altogether of drugs, is
that the identification of disease. It begins from the very first encounter with the patient
and is progressively amended and fine-tuned until a clear picture is taken, not only of a
pathological process but also of the functional loss and therefore the disability that goes
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with it. Understanding evolves from the systematic gathering of data from the history, the
physical examination, tissue and organ imaging and special investigations.

Bone, as a hard biological tissue, consists of cells resided in the bone matrix, which
is made of organic components (mainly type I collagen) and inorganic components

(minerals). The main constituents of inorganic components are calcium phosphate and
calcium carbonate. The mineral components consist mainly of hydroxyapatite crystals and

amorphous calcium phosphate. Bone serves as a reservoir for the body’s calcium, protects
the various organs of the body, produces red and white blood cells, stores minerals,

provides structural stability and support for the body, and enables mobility. Bone tissue
(osseous tissue) is a hard tissue, a kind of dense connective tissue. It has honeycomb-like

matrix internally, which helps to give the bone rigidity. Based on the tissues that constitute
the bone, there are two types of bones in our body: compact (cortical) and spongy
(cancellous) bone (Figure 1).

Figure 1: Compact (Cortical) and Spongy (Cancellous) Bone [4]
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Compact bone (Cortical bone) consists of closely packed osteons or haversian
systems. The osteon consists of a central canal called the osteonic (haversian) canal, which

is surrounded by concentric rings (lamellae) of matrix. Between the rings of matrix, the
bone cells (osteocytes) are located in spaces called lacunae. Small channels (canaliculi)

radiate from the lacunae to the osteonic (haversian) canal to supply passageways through
the hard matrix. In compact bone, the haversian systems are packed tightly together to

make what appears to be a solid mass. The osteonic canals contain blood vessels that are
parallel to the long axis of the bone. These blood vessels interconnect, by way of
perforating canals, with vessels on the surface of the bone. The cortical bone gives bone its

smooth, white, and solid appearance, and accounts for 80% of the entire bone mass of an

adult human skeleton. It facilitates bone’s main functions: to support the entire body,
protect organs, provide levers for movement, and store and release chemical elements,

mainly calcium.
Spongy (cancellous) bone is lighter and less dense than compact bone. Spongy bone
consists of plates (trabeculae) and bars of bone adjacent to small, irregular cavities that

contain red bone marrow. The canaliculi hook up with the adjacent cavities, rather than a
central Haversian canal, to receive their blood supply. The trabeculae may be arranged

haphazardly, but they are organized to provide maximum strength similar to braces that are
used to support a building. The trabeculae of spongy bone follow the lines of stress and

could realign if the direction of stress changes.
Bone is divided into five types based on the shape in the human body: Long, Short,

Flat, Irregular, and sesamoid.
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Long bones are characterized by a shaft, the diaphysis, which is much longer than its
width; and by an epiphysis, a rounded head at each end of the shaft. They are made up

mostly of compact bone, with lesser amounts of cancellous bone. It’s located within the
medullary cavity, and areas of cancellous bone at the ends of the bones. Most bones of the
limbs, including those of the fingers and toes, are long bones. The exceptions are the eight

carpal bones of the wrist, the seven articulating tarsal bones of the ankle and the sesamoid
bone of the kneecap. Long bones such as the clavicle, which have a differently shaped shaft
or ends, are also called modified long bones (Figure 2).

Short bones are roughly cube-shaped, and have only a tender layer of compact bone

surrounding a spongy interior. The bones of the wrist and ankle are short bones (Figure 2).
Flat bones are thin and usually curved, with two parallel layers of compact bones

sandwiching a layer of spongy bone. Most of the bones of the skull are flat bones, as is the
sternum (Figure 2). Sesamoid bones are bones embedded in tendons. Since they act to carry
the tendon further faraway from the joint, the angle of the tendon is increased and thus the
leverage of the muscle is increased. Examples of sesamoid bones are the patella and the

pisiform (Figure 2).
Irregular bones do not fit into the above categories. They comprise of thin layers of

compact bone surrounding a spongy interior. As implied by the name, their shapes are
irregular and complicated. Often this irregular shape is due to their many centers of
ossification or because they contain bony sinuses. The bones of the spine, pelvis, and a few

bones of the skull are irregular bones. Examples include the ethmoid and sphenoid bones

(Figure 2).
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Flat bone (Frontal)

Sutural bone

Short bone (Carpal)

Irregular bone (Vertebra)

Long bone (Femur)

Sesamoid bone (Patella)

Classification of Bones by Shape
Figure 2: Bone Classification by Shape [5]
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Bone can gain maximum strength with minimum mass due to continuous activities

of different types of bone cells, i.e. osteocytes, osteoblasts, osteoclasts, and bone lining
cells. There are continuous processes of bone resorption and formation in our bones from

birth to death, which is so-called, bone remodeling process [6]. Bone remodeling process
aims to supply maximum strength with minimum mass to our bones. When a bone is

broken, there is no other way than fixing it by employing man-made supportive structures.
Luckily, bone has a great capability in regaining its lost strength through the healing

process.
The healing process of bone is a complex process in which both medicine and
mechanics play an important role and they can alter the time course of the healing process.

It is Interesting to note, that all broken bones go through the same healing process. The
bone healing process has three stages: inflammation, bone production (soft callus

formation stage, and hard callus formation stage), and bone remodeling. The inflammation
stage begins the moment the bone has been broken and lasts for around five days.
Fortunately, bone features an excellent blood supply due to the channels within its

structure. When a fracture occurs, there is massive disruption to those blood channels and
an outsized amount of bleeding appears from the fracture fragments. This is what causes

immediate swelling and bruising within the area of the broken bone. This is referred to as

a hematoma, which suggests bleeding within the tissue. The damaged bone tissue at the
sides of the fracture fragments die down and therefore the dead cells release chemicals

called cytokines, which initiate the healing process. Within hours of the fracture, the blood
from the fracture fragments forms a mesh of clotted blood, which is that the first link

between the two fragments and contains special cells called fibroblasts. Fibroblasts begin
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to lay down tissue called granulation tissue between four and ten days after the fracture
occurs. The granulation forms a scaffold between the two fragments from which the

formation of a soft callus can begin. Fibroblast cells present within the granulation tissue

begin to make cartilage and fibrocartilage. This is a spongy material that fills the gap
between the two fractured fragments, although it is quite weak to external mechanical

stimuli for around the first five weeks. For this reason, it is important that there is not an
excessive amount of movement of the fracture fragments at this stage. After a few weeks,

despite the very fragile nature of sentimental callus, it offers sufficient stability at the
fracture site for new blood vessels to start forming and for osteoblasts at the periosteum

(the outer surface of the bone) to start laying down what is called woven bone. This woven

bone at the margins of the fracture is a little soft and disorganized, but it makes the primary
bone contact between the two fracture fragments.
From two to three weeks onwards a process begins by which the fragile cartilage

material of the soft callus is transformed completely into woven bone. This process
typically continues for between six and twelve weeks, depending on the location and sort

of fracture (generally six weeks for the upper limb and twelve weeks for the lower limb).
hard callus formation can be a complex process that is guided by the discharge of mineral
compounds like calcium and phosphate into the cartilage tissue, which subsequently

transforms into a bridge of hard callus over the fracture site. Once the hard callus has

formed at the fracture site, then fracture union is said to have occurred. Fracture union are
often seen on x-ray at around six weeks in upper limb fractures and twelve weeks in lower
limb fractures. During normal bone healing the body will lay down harder callus than is

required, and as a result the fracture site enlarges. Bone remodeling begins once the fracture
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has united and could continue for several years. Through the remodeling process and over
time, the traditional shape of the bone is regained. Bone is absorbed where is not needed
by osteoclasts and formed by osteoblasts where is needed. At the bone remodeling stage of
fracture healing, a development of weight bearing exercise is encouraged because it leads

to an increase in bone strength. During the course of the bone remodeling process, the

loosely organized woven bone is progressively replaced by lamellar bone, which is highly
organized and much stronger than woven bone.

2.2

Orthopaedic Screws
The helical-thread screw is surely an extremely important invention in Mechanical

Engineering, which changes angular motion to linear motion to transmit power, or to
develop large forces. Screws are complex tools with a four-part construction: head, shaft,
thread, and tip. The head serves as an attachment for the screw driver, which may be

hexagonal, cruciate, or slotted in design. The head also is the counterforce against which
compression generated by the screw acts on the bone. The shaft or shank is that the smooth
portion of the screw between the top and therefore the threaded region. The thread is

defined by its root or (core diameter), its thread (outside diameter), its pitch (distance
between adjacent threads), and its lead (distance that advances into the bone with each
complete turn). Figure 3 shows details of a typical bone fixation screw. The root area

determines the resistance of the screw to pull-out forces and relates to the size of the bone

at the thread interface and the root area of the tapped thread. The cross-sectional design is
typically a buttress or V-thread (usually utilized in machine screws). The tip of the screw

is either round (requires pre-tapping) or self-tapping.
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Figure 3: Typical bone fracture fixation screw [7]
Orthopaedic screws are foremost commonly used devices for bone fracture fixation.
They are used as both standalone fixations and in conjunction with other orthopaedic

hardware devices, particularly plates. Screws are primarily responsible for retaining the

stability of most screw-plate fixation devices and are commonly associated with failure
due to pull-out associated with poor screw purchase or bone loss. Therefore, particular

attention should be placed on the type of screws in use and their placement in bone.
Primarily liable for maintaining the steadiness of plated-bone constructs, and supplying
necessary interfragmentary compression, screw-hold in bone is extremely crucial. It is well
known that geometric parameters influence the pullout strength of orthopaedic screws [8];

however, their effect on the long-term bone-screw interaction is largely unknown. Pullout
tests performed in vivo and in synthetic samples [9] have suggested a link between a
screw’s geometry, material properties, and its pullout strength. As expected, the resistance

to bone shearing proves to be predominantly reliant upon the density of the host material;

however, the screw’s outer diameter and length of engagement critically affect the holding

strength of screws in bone. Other characteristics, like the screw’s pitch, inner diameter, and
thread profile shape contribute to the holding power too, but to a lesser degree. Although

sufficient pullout strength is necessary to prevent initial screw avulsion, it is not a good
indicator of potential stress shielding effects [10]. Clinically, if pull-out of the screw is a
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concern due to soft bone, a bigger thread diameter could also be preferred, whereas if the
bone is robust and fatigue is more of a priority, a screw with a wider root diameter will

have a bettter resistance to fatigue failure.

The use of a screw to convert torque forces to compression forces across a fracture is

a valuable technique. Its success requires application of the screw in a manner that allows
gliding of the proximal portion of the screw in the near bone and threads purchase in the

opposite cortex, in order that the top of the screw will exert load and force the fracture

together. Careful selection of the screw angle corresponding to the fracture is necessary to

prevent sliding of the fracture fragments as they are compressed (Figure 4).

Figure 4: Interfragmentary Compression Orthopaedic Screw [11]
The basis of bone-plate fixation relies on the compression of the plate to the bone by
the induced tensile stresses within the screw. An approximately linear relationship exists
between the insertion torque applied to the screw and therefore the resulting tension. The

screw should be inserted at the very best possible torque (without shearing the bone), to be
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able to induce a desired higher screw tension. A higher screw tension is desirable because

a better frictional force must be overcome so as for loosening to occur, and it will also
likely end in an increased transfer of mechanical stimuli to bone, which can reduce stress
shielding.

Since the screw remains attached to the bony tissue after it is healed, it is going to

diminish the bone’s strength and stiffness. The significantly stiffer metallic screw (elastic
modulus of 100 to 200 GPa) carries most of the shared load, causing the adjacent bone

(elastic modulus of 1 to 20 GPa for cancellous and cortical bones, respectively) to be

atrophied in response to the diminished load it is carrying, in accordance with Wolff’s law

of functional adaptation. Wolff’s law states that “Every change in the form and function of

a bone is followed by certain definite changes in their internal architecture and equally
definite secondary alterations in their external conformation, in accordance with

mathematical laws” [12]. The effect of metallic screws on the bony tissue in their vicinity

is named stress shielding. The biomechanical compatibility of a specific screw with bone
can, therefore, be characterized by the stress distribution developing within the bone

around the screw as a result of the screw’s tightening during implantation. Screw loosening
might be a common problem faced in bone fracture fixation. Stress shielding around screw
threads is partially responsible for excessive bone absorption. Research associated with

bone loss around screw threads is an under-studied topic, and an excellent deal of

consideration must enter the planning of the design of implants to be able to reduce this
pitfall. This is particularly true within the case of brittle fractures related to rarity

osteoporotic bone. In these cases, it is possible that the rate of bone absorption in the
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vicinity of implants will be higher than that of a similar fracture in a healthy bone, due to

its already weakened state.
It has been shown that active compression of the bone-screw interface resulted in
little activity at the site of compression, whereas neutral regions where a gap exists between

the screw and bone, exhibited areas of high activity, i.e. resorption of necrotic bone

followed by formation of new bone [13].

2.3

Orthopaedic Plates
Plate and screw fixation of fractures have undergone constant design adjustments and

improvements during recent decades. Frederik Pauwels for the first time has defined and
applied the tension band principle in the fixation of fractures and Nonunion. This
engineering principle applies to the conversion of tensile forces to compression forces on
the convex side of an eccentrically loaded bone. This is accomplished by placing a bone
plate across the fracture on the tension side of the bone. Tensile forces are counteracted by

the strain band at this position and converted into compressive forces. If the plate is applied

to the compression side of the bone, it is very likely to bend, fatigue, and fail. Therefore, a

basic principle of tension band plating is that it must be applied to the tension side of the
bone, so that the bone itself will receive the compressive forces.

Plates offer the advantages of anatomic reduction of the fracture with open techniques
and stability for early function of muscle-tendon units and joints, but they need to be

shielded from premature weight bearing. Disadvantages of plate fixation include the danger

of bone re-fracture after their removal, stress protection and osteoporosis beneath a plate,
plate irritation, and also in rare cases an immunologic reaction. Plates neutralize deforming

forces that can’t be counteracted by screws alone. Plates require countering to maintain
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optimum stability of the fracture reduction. The application of the screws is additionally
critical because incorrect placement or sequence will end in displacement or shear and loss

of reduction.
Early implants mainly consisted of chrome steel and vitallium alloys. Interesting to
note that there is still much controversy between the utilization of completely rigid systems

and systems with increased material flexibility. Some researchers believe that a little

amount of micro-motion at the fracture site promotes more rapid fracture healing, because

a mixture of primary and secondary healing can occur during this case. As it may be a wellaccepted concept, flexural rigidity depends both on the cross-sectional area and material
properties of the plating device. In terms of materials, less rigid titanium alloy devices with
increased resistance to corrosion have proven to be advantageous and are slowly beginning
to replace stainless steel devices that previously dominated the market. Experimental
evidence reveals an increasing trend towards the general acceptance of more flexible

systems, as the level of stress shielding is reduced [14].
Specific plate designs include tubular plates, T- and L-plates, and reconstruction
plates (Figure5). The many different types and designs of plates can be grouped

functionally into four categories: neutralization plates, compression plates, buttress plates,
and bridge plates [14].
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Figure 5: Tubular Plate, T-plate, L-plate, and Reconstruction Plate [14]
Neutralization plates are not a certain type of plates, but neutralization refers to how

a plate functions in fracture fixation. A neutralization plate decreases the loading forces on
a fracture by spanning the fracture and transferring the loading forces through the plate
instead of through the fracture site. Neutralization plates are utilized in conjunction with
inter-fragmentary screw fixation and neutralize torsional, bending, and shear forces. These
are commonly utilized in fracture with butterfly or wedge-type fragment after

interfragmentary screw fixation of the wedge portion of the fracture.
Compression plates, because the name indicates, are designed to use compression to

fractures. The standard compression plate is typically mentioned as a dynamic compression
plate, which may be a misnomer since these plates supply static compression to a fracture.

Buttress plates are employed to rigidly hold in situ fractures at the top of long bones,

especially at the knee and ankle, where the fracture site experiences large compressive and
other kind of forces. In order to provide adequate fixation, these plates are expanded and
carefully contoured at the joint end of the plate.
Bridge plates are accustomed to span a comminuted unstable fracture or bony defect
during which an anatomic reduction and rigid stability of the fracture can’t be restored by
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fracture reduction. This function is the most complicated for a plate to maintain. Biologic
additions to this form of fixation frequently are required in the form of autogenous bone

grafting.

2.4

Bone Staples
Bone staples are also referred to as fixation staples, or fracture staples. Orthopaedic

bone staples are very similar to the staples of a stapler in shape, but they are thicker, larger,

and stronger (Figure 6). Bone staples are made of surgical grade stainless steel (316 or
316L), surgical-grade titanium (Ti6Al4V), and Nitinol alloy (nickel & titanium).

Figure 6: Different shapes of bone staples [15]
Bone staples are widely used in the hand, foot, and ankle surgery and metallic bone
staple of one form or another have been used in the US since 1906 [16]. There are many

advantages to using staples for these kinds of procedures; including easier fixation onto

bones, avoidance of infection issues which is typically associated with external fixation,
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and reduced operating time as compared to bone screws and plates. This in turns leads to

improved healing and reduced post-operative pain.
Nitinol bone staples fall under three categories; those which are superelastic (SE),

those which recover their shape upon heating to body temperature (BT), and those which

recover their shape upon heating above body temperature with the application of an
external heat source (HA). Each of those types has different performance characteristics.
In the SE bone staple, the austenite finish temperature is near or less than the room

temperature and the staple must be held by some type of device before deployment. This
staple will attempt to return to its original shape at any temperature at or above room

temperature as soon as the restraint is removed. In the BT bone staple, the austenite finish
temperature is nearly below body temperature but above room temperature. This staple’s
recovery is triggered by the shape memory effect as the staple reaches the body

temperature. It is important to maintain the temperature of the staple adequately below

body temperature during insertion to prevent premature deployment. In the HA bone staple,
the austenite start temperature is at or a little above the body temperature but with austenite

finish temperature low enough to allow deployment without the application of excessive
heat. This type of staple can be activated by a simple application of external heat source
such as a cautery device or by using a certain designed external heat source that allows the

amount and duration of the applied heat to be precisely controlled depending upon the
degree of shape recovery desired.
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CHAPTER III
METHODOLOGY AND RESULTS

3.1

Bone Staples and Bone Block
To simulate the surgical procedure, three different elements were modeled using

SolidWorks; the titanium bone staple, the shape memory NiTinol staple, and the bone
blocks. The conventional titanium and shape memory NiTinol bone staples are shown in

Figure 7 and Figure 8 respectively.

Figure 7: Typical Titanium based bone staple [15]

19

Figure 8: Typical NiTinol shape memory alloy-based bone staple [15]
The titanium bone staple was modeled to be similar to the conventional titanium bone
staple (Figure 7) as shown in Figure 9. This staple can be made of surgical stainless steel

(316L) or titanium (Al-6Al-4V). This staple has a thickness of 2 mm, a bridge width of 20
mm, and legs length of 20 mm. Here, the staples are inserted at pre-drilled holes across the

osteotomy after aligning the two fractured bone pieces together.
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Figure 9: Typical Titanium staple modeled in SolidWorks
The shape memory NiTinol bone staple was modeled to be similar to the existing
NiTinol bone staple shown in Figure 8. The dimensional details for this staple are shown

in Figure 10. It has a thickness of 2 mm, a bridge width of 20 mm, and legs length of 20

mm. In this study, the memory staple is assumed to operate under the superelastic property.
Thus, in the austenite state (or the memorized configuration), the device is opened and

inserted in the pre-drilled holes. Upon completely unloading the device at that same room
temperature, T=22 ◦C (greater than the austenite finish temperature, Af), the device tends
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to go back to the original shape, therefore providing the compression forces. It is worth

knowing that, although this operational sequence is different from the case of using shape
memory effect, the objective will always be the same, i.e., providing compression forces

needed for coaptation as the device reverts to its original, memorized configuration.

Figure 10: Typical NiTinol staple modeled in SolidWorks

The fractured bone was also modeled in SolidWorks as two rectangular blocks, with
each block representing a fractured piece. For simplification purposes, each block was
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made to have a width of 20mm, a length of 60mm, and a depth of 20mm. The geometrical
details of the bone block are shown in Figure 11.

Figure 11: Bone Block
Once the devices and the blocks were modeled, they were then assembled in Abaqus
to mimic a fractured bone with an inserted bone staple. The Abaqus finite element program

has several inbuilt models that allow users to characterize the non-linear, elastoplastic

behavior of the titanium material considered here, as well as provide numerical algorithms
that allow us to simulate the bone-to-staple, and bone-to-bone contact relations. Moreover,

there is a User Material (UMAT) option that allows unique/non-traditional models, such
as those for the NiTinol, to be implemented in the Abaqus code for analysis.
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In the meshing of the various parts of the model, the three-dimensional-continuum
elements were used. For the Titanium and the NiTinol staples, the three-continuum-ten-

node (C3D10) quadratic tetrahedral elements were used. After a series of mesh

refinements, a total of 6572 and 5762 elements were used for the titanium staple and
NiTinol staple, respectively. Furthermore, the type of element for the bone block was three-

continuum-eight-node (C3D8) linear hexahedral element, and the total number of elements

of the bone block was 9776 elements.

3.2

Materials

Biomaterials are those materials which are used in the human body. Biomaterials

must have two substantial properties, which are biocompatibility and biofunctionality.
Good biofunctionality means that the material can perform the required job when it is used

as a biomaterial. Biocompatibility means that the material must not be toxic inside the

human body [17]. Because of these two strict properties required for the material to be used
as a biomaterial, not all materials can be used in biomedical applications. The use of

biomaterials in the health care industry is an area of great interest as the average life has

increased due to the development in the use of surgical instruments and the use of
biomaterials.

The use of implants has grown dramatically over the past years, driven by aging of
populations in developed countries, and the desire of the patients to maintain the same level

of activity and quality of life. Consequently, the demand for high-performance implantable
biomaterials that can address unique challenges in cardiology, vascular therapy,
orthopaedics, dental, and wound care has also been increasing constantly. Indeed, the

biomaterial market was valued at $94.1 billion in 2012 and is currently worth $134.4 billion
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in 2017 [18]. The main metallic biomaterials are stainless steels, cobalt alloys, titanium,
and titanium alloys.

In this section, a brief description of the material properties of the alloys that are used

in this work is given. It is worth mentioning that, the bone was modeled using the simplified
linear elastic material properties, with Young’s modulus of 20 GPa, and Poisson’s ratio of
0.3 [19].

Titanium and titanium alloys show a high strength, which makes titanium an
excellent choice for biomedical applications. Furthermore, titanium is considered to be
biocompatible because it has a low electrical conductivity which contributes to the
electrochemical oxidation of titanium leading to the formation of a thin passive oxide layer.

The oxide layer, in turn, leads to high corrosion resistance. This protective passive layer is
retained at Ph values of the human body. Titanium alloys are used in biomedical implant

devices that replace damaged hard tissue. Some examples of Ti uses in biomedical

applications are dental and orthopaedic implants, bone plates, and screws for fracture
fixation. Titanium and titanium alloys have therefore been used widely as biomedical

implant materials since the 1970s. The alloys that are preferred for the manufacture of

titanium implants are pure titanium (CP-Ti) and titanium alloy (Ti-6Al-4V).

Titanium has an excellent record of being used effectively as an implant material and
this success with titanium implants is credited to its superior biocompatibility due to the

formation of an oxide layer on its surface area. The pure titanium is classified into four
grades which differ in their oxygen content. Grade four is having the most oxygen content

(0.4%) and grade one has the least oxygen content (0.18%).
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Titanium reacts with many other elements; Aluminum (Al), Argon (Ar), Copper (Cu),

Iron (Fe), and Vanadium (V) to form alloys. Titanium alloys can exist in three forms; alpha,

beta and alpha-beta. These forms originate when pure titanium (Ti) is heated with the

Aluminum (Al) and the Vanadium (V) in certain concentrations. These added elements
play Phase-Condition stabilizers. Aluminum is the alpha phase condition stabilizer. The
aluminum also increases the strength and reduces the weight of the alloy. Vanadium acts
as the beta-phase stabilizer. The alloys that are most commonly used in the implants

industry are of alpha-beta variety. The most common one contains (6%) of Aluminum, and
(4%) of Vanadium. Table 1 shows the main constituents of the Ti-6Al-4V.

Table 1: Ti-6Al-4V constituents
Element

Minimum Percentage %

Ti

90%

Al

6%

V

4%

C

<0.1%

O

<0.2%

N

<0.05%

H

<0.0125%

Fe

<0.3%

Regarding the mechanical properties of the surgical titanium, the minimum

requirements are Fy = 880MPa, v=0.3, and E= 114 GPa, where fy, v, E are the material

yield stress, Poisson’s ratio, and Young’s modulus respectively. The stress-strain relation

of the titanium used is shown in Figure 12.
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1400

------- Stress-Strain Curve of
Titanium (AI-6AI-4V)

Figure 12: Stress-Strain curve of titanium (Ti-6Al-4V) [20]
Nitinol is an alloy that consists of approximately equal portions of nickel and

titanium. It usually contains 44% of titanium and 55% of nickel. Nitinol was discovered

the by U.S. Navy in the early 1960s. Nitinol is biocompatible due to the presence of
titanium. It also shows a very high strength and corrosion resistance. NiTinol is well known

for its two unique properties: shape memory and superelasticity.
Nitinol exhibits two different temperature-dependent crystal structures or phases,
named martensite, low-temperature phase, and austenite, high temperature, or parent

phase. When martensite nitinol is heated, it transforms into austenite. The temperature at

which this phenomenon starts is called austenite start temperature (As) and the temperature
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at which this phenomenon is completed is called austenite finish temperature (Af). When
austenite nitinol is cooled, it transforms into martensite. The temperature at which this

phenomenon starts is called martensite start temperature (Ms). The temperature at which
martensite is again completely reverted is called martensite finish temperature (Mf). As, Af,

Ms, and Mf depend on the chemical composition of the alloy and can be adjusted by

introducing small variations in the composition of these alloys. The unique behavior of
nitinol

is

based

on

the

temperature-dependent

austenite-to-martensite

phase

transformations on an atomic scale, which is called the transition temperature.

As indicated by the name, superelasticity means material/state of high deformation
recoverability or high elastic region. In the case of superelasticity, the test temperature, in

general, is above the austenite finish temperature (Af) or in between the austenite start (As)
and austenite finish (Af) temperatures and the material is in austenitic state at the test
temperature. When the force is applied, this austenite transforms to stress-induced

martensite. However, this martensite is stable only under the application of stress, and
when the stress is removed; the material reverts to austenite. In the case of superelasticity,

heating is not required to recover the original shape as here martensite is stable only under

the application of stress. As state earlier, the superelastic property of the NiTinol was used.

This required an application of an existing model that is compatible with Abaqus FE
software. A brief description of the model and the mathematical construct are given in the

sequel [21].
3.3 SME Model
The shape memory model described in Owusu-Danquah et al [21] was calibrated to
capture the superelastic behavior of the Nitinol material considered in this research. A
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detailed description of this model can be found in the literature. The set of equations

deemed important for its applicability are stated below. Although 23 parameters are needed
for its general utilization, only 11 of them were used here since the work required a single

isothermal material response at a temperature, T> the austenite finish, Af. For model
calibration purposes, the results presented in the work of Henderson et al., 2011 [22] for a
Nitinol material with Af < 18oC were used. The numerical values of the parameters were

determined based on the experimental observations made for the biomedical-grade
superelastic NiTi SMA. In this work, the important parameters were Young’s modulus, E,
Poisson’s ratio, v, the threshold term,

k

, the two rate-related parameters n, and ^, as well

as the temperature-dependent threshold terms, K(b) and related hardening parameters,

H(b), and b(b) for the individual mechanisms, b=1, 4.

Equation Set 1: Decomposition of stress and strain
N

S = S + SI;

a =^aj)
b=1

Equation Set 2: Specific functional forms for stored energy and dissipation potentials.
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Equation Set 4: Transformation and hardening functions
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is the isotropic fourth-order tensor of elastic moduli (Young’s Modulus, E and

Poisson’s ratio v).
where,

k

, ^ , and n are material constants, F Is the transformation function and H^

are hardenIng functIons.
Steps followed to evaluate values for the model parameters have been outlined in

Owusu-Danquah et al [21]. A value of E = 90x103 MPa and v=0.3 was taken based on the
typical stress-strain behavior of most SMAs. In this study, since the effect of load rate was

not considered, n=5 and p=105 MPa were chosen, assuming the material responses are
neither completely rate-independent nor highly-rate dependent.

The values for H(b),

P(b), K(b) for the two active mechanisms to control the nature of the thermomechanical
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responses observed at extreme martensitic and austenitic temperature states are stated in

Table 2. Using this set of parameters, the superelastic stress-strain response of the Nitinol
material was compared to that of the experiment in Figure 13.

Table 2: Model parameters for Nitinol
Units
MPa

Value
90 x103

v
n

-

P
K

MPa.s
MPa
MPa
MPa

0.3
5
105
50

Parameters
E

-

H(b) for b=1 and 4
P(b)for b=1 and 4
K(b), for b = 1 and

300x103
1
400

Figure 13: Superelastic stress-strain response of Nitinol
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50x103

1
40

3.4

Software

In this study, two software were used; (a) SolidWorks and (b) Abaqus/CAE.
SolidWorks was used to generate the staple and bone models. Abaqus/CAE was used to
analyze the model. Each software provides an environmentally friendly user interface and

they also both provide FE analysis features for linear and non-linear parameters. It was also

easier to model in SolidWorks and import the elements into Abaqus/CAE due to their
compatibility. SolidWorks was essentially used to create the models due to its great 3D-

CAD features, whereas Abaqus/CAE was essentially used since it allows assigning various
types of contact between the elements which was an important factor in the analysis.

3.5

Simulation Procedure
The following steps have been conducted to generate the results of the analysis. After

creating the bone and staple models in SolidWorks, the two models were imported into
Abaqus/CAE, and then the material properties were defined and assigned to the
corresponding models. They were then brought in the assembly for the analysis to be
carried out after the appropriate meshing, boundary and loading conditions were applied.

Figure 14 and Figure 15 show the meshed parts of the titanium staple and the NiTinol
staple, respectively. The outline for the simulation procedure for the NiTinol is shown in

Figure 16. Here, the non-linear static analysis was conducted.
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Figure 14: Typical meshed Titanium based bone staple

Figure 15: Typical meshed NiTinol based bone staple
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Figure 16: Simulation steps for the NiTinol staple

3.6

Results and Discussion

The principle factor used in assessing the performance of the bone staples was the

contact forces generated by the individual staples. Two states were considered, i.e., the
immediate stage where the initial contact was made between the two fractured parts and
the long-term stage after waiting for a period of 600 seconds. Figure 17 shows part of the

bone with the inserted NiTinol staple upon the initial contact and closing of the fracture.
Upon evaluating the contact forces at the end of the numerical simulation, the

immediate contact forces were 14.0 N and 32.5 N for the Titanium and NiTinol staples,

respectively. The values obtained here are of the same order as those obtained from
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experiments in the literature [23]. This signifies the capability of the NiTinol to achieve

higher/adequate compression needed for the coaptation of the fractured sites. The dynamic

nature of SMEs allows the device to produce different forces as a function of the amount

of opening to which the staple is initially subjected to. Thus, depending on the degree of
the fracture, the mechanical properties of the bone of interest, and the expertise of the
surgeon, the same type of NiTinol staple can be used.

The variation of the contact forces throughout 600 seconds waiting period is shown

in Figure 18 below. It is seen that whilst the force in the titanium remained the same, the
NiTinol staple produced forces that gradually increased. This increase in force will

significantly reduce the likelihood of non-union of the fractured bones sometime after the
surgical procedure. Moreover, the gradual increase permits the effective transfer of forces
between stapling device and the bone during the healing process. Comparing the changes

in the Nitinol bone staple contact forces to a previous study [23], the findings of this study
seem reasonable. The tendency for the contact force to increase over the holding period is
attributed to the inverse stress relaxation phenomena occurring at strain holds during the
unloading phase in the superelastic stress-strains. Such behaviors have been seen in several

experiments. Where during superelastic testing, the stresses increased when the strains
were held constant [24].
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S, Mises
(Avg: 75%)

— 308.825
— 274.511
240.197
205.883
171.569
137.255
102.942
68.628
34.314
0.000

Ni 1 mol Staple reverted to the
memorized configuration

Figure 17: Immediate stage and long-term stage of the NiTinol staple

------- Titanium

--------NiTinol

Figure 18: Contact forces Generated by the staples
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CHAPTER IV

CONCLUSION
In this study, a fracture fixation procedure involving a titanium bone staple and
NiTinol shape memory staple were simulated and compared using the commercially

available Abaqus finite element software. The bases of assessment were the magnitude and

variation of the contact forces produced by these two devices across the fractured site. The

results indicated that the NiTinol staple can generate higher and dynamic compression

forces that can adequately hold the fractured bone parts together, hence allowing the

coaptation needed for bone healing. In particular, due to the rate-dependent inverse
relaxation properties, the Nitinol staple showed a dynamic active compression, where the

contact forces increased over time. This increase would accelerate the healing process for
small fractures and osteotomies. The benefits of this type of device include the unlimited

options for repair of osteotomies, arthrodesis, and fractures as well as the provision of

minimally invasive surgical procedures. The interesting finding in this study presents the

need for further research. In particular, longer waiting times will be needed to help study
the number of hours, days, or weeks needed to ensure a stabilized compression force in the

NiTinol. Moreover, a more realistic model must be used to properly represent the nonhomogeneous, composite structure of the bone.
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